Zn 1−x MnxO bulks have been prepared by the solid state reaction method. Zn vapor treatment has been carried out to adjust the carrier concentration. For the Zn treated Zn 1−x MnxO bulks, analysis of the temperature dependence of resistance and the field dependence of magnetoresistance demonstrates that the bound magnetic polarons (BMPs) play an important role in the electrical transport behavior. The hopping of BMPs dominates the electrical conduction behavior when temperature is below 170 K. At low temperature, paramagnetic Zn 1−x MnxO bulks show a large magnetoresistance effect, which indicates that the large magnetoresistance effect in transition-metal doped ZnO dilute magnetic semiconductors is independent of their magnetic states.
Introduction
Unlike conventional semiconductors, diluted magnetic semiconductors (DMSs) take the advantage of not only the electron charge freedom but also the electron spin freedom. [1] The new generation electronic devices made of DMSs have the following advantages: increased data processing speed, decreased electric power consumption, increased integration densities, and so on. These new materials have been studied intensively in the past decades. Predicated by the theoretical prediction that transition-metal doped ZnO may exhibit room temperature ferromagnetism (FM), [2] ZnO based DMS become an attractive example. [2−5] Room temperature FM has been first reported in 3d metal doped ZnO thin films, and then in nanoparticles. [3−7] On the other hand, only the paramagnetic (PM) property has been reported in Zn 1−x Mn x O bulk samples. [8−12] Compared to the numerous studies on the thin films and nanoparticle of the Mn doped ZnO, the bulk samples have not been well studied, although it is believed that some intrinsic properties may be identified from the bulk samples. So we think that the study on the Zn 1−x Mn x O bulks should be intensified. Although there are some reports studying the Zn 1−x Mn x O bulks, the study of electrical transport behavior for the bulk samples is very deficient. This is because the as-prepared Zn 1−x Mn x O bulks are normally completely insulating. In this way, the measurement of the electrical transport cannot be carried out. In this work, we will overcome this shortage by Zn vapor treatment.
In our previous study, [13] the Zn treatment has been used to adjust the carrier concentration of Co doped ZnO bulks and the Zn treated Zn 1−x Co x O bulks show room temperature ferromagnetism. In this paper, we will use the same method to treat Mn doped ZnO bulks. After Zn vapor treatment, the Zn 1−x Mn x O bulks still show paramagnetic behavior, but it changes from insulator to semiconductor. Therefore, the electrical transport behavior can be systematically investigated.
Experiment
Zn 1−x Mn x O (0≤ x ≤ 0.10) bulks were synthesized by the solid state reaction method. High purity reactants (99.9%) of ZnO and MnO 2 (Alfa Aeasar, USA) with stoichiometric amount were thoroughly ground in a carnelian mortar and pressed into small pellets, and then annealed at 500
• C for 24 hours. The
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annealed materials were reground, pressed to small pellets, and then sintered at 1200
• C for 24 hours to obtain the as-prepared samples. The as-prepared samples were subjected to the Zn treatment process, in which the samples were exposed in the Zn vapor and annealed at 500
• C for 8 hours. [13, 14] X-ray diffraction (XRD) measurements were carried out using the D/Max-2400 (Cu Kα source). Magnetic properties were measured using a superconducting quantum interference device (SQUID, MPMS-7, Quantum Design TM). The resistances of the samples were measured with the standard four-pointed method on a physical properties measurement system (PPMS, Quantum Design TM).
Results and discussion
The XRD patterns of Zn 1−x Mn x O samples are shown in Fig.1 . The log scale of diffraction intensity is used to show very small contributions of impurity phases. As shown in the figure, only the diffraction peaks of wurtzite structure can be observed when the Mn concentration is below 5%. The peaks show systematic shifts with the increase of doping concentration, which correspond to the changing of the lattice parameters. When the doping levels x > 0.05, the diffraction peaks of impurity phase ZnMn 2 O 4 can be observed as marked by * in the patterns. As shown in the pattern, the peak intensity of these impurity phases increases with the increase of Mn content.
The Rietveld refinement process using the RIET-ICA code [15] was employed in the data refinement. In the fitting process, the space group P 63mc (wurtzite structure) was selected as the start model. The atomic sites were: Zn/Mn 2b(1/3, 2/3, 0) and O 2b(1/3, 2/3, z) respectively. The fractional occupancies of atomic position were fixed as the nominal stoichiometric values and were not refined. When x > 0.05, the impurity phase of ZnMn 2 O 4 was considered in the refinement process. The refinement results are listed in Table 1 . The small refinement factors (< 10%) indicate that the refinement results are reliable. Figure 2 shows the Mn concentration dependence of the lattice parameters (a and c) and unit cell volume (V ), respectively. As shown in Fig.2 Therefore an obvious impurity phase can be observed when the Mn concentration is larger than 5%. As described in Table 1 , the Molar percent of impurity is 0.76% and 1.74% when the nominal Mn doping concentration is 7% and 10%, respectively. Figure 3 shows a typical temperature dependence of magnetization for Zn treated Zn 0.97 Mn 0.03 O bulk measured at an applied field of 1000 Oe (1 Oe=80 A/m). The solid line represents the CurieWeiss law fit to the experimental data. As shown in the figure, the experimental data and the calculation show excellent agreement, which imply that the temperature dependence of magnetization obeys the Curie-Weiss law [13] (S is the spin quantum number and g is the Lande g factor). We consider the small magnetic moment per Mn is because of the weak antiferromagnetic interaction in the samples. The inset of Fig.3 displays the magnetization as a function of the applied field at 5 K and 300 K, respectively. No ferromagnetic behavior can be observed, which demonstrates again that the samples are paramagnetic. The as-prepared Mn doped ZnO bulks (without the Zn vapor treatment) have similar PM properties (not shown here), which is consistent with other previous reports.
[ 8−12] Zn 1−x Mn x O bulks were reported with room temperature ferromagnetism when they synthesized by a low temperature process, [16] but the origin of ferromagnetism might come from the impurity metastable phase. [17] Our Zn 1−x Mn x O bulk samples were synthesized by a high temperature process, and the XRD results show that all the samples are single phase when x < 0.05. This is to say that the single phase Zn 1−x Mn x O bulks are intrinsic PM, no matter whether the samples were treated by Zn vapor or not.
The samples without Zn vapor treatment are completely insulating. Therefore, the electrical transport behavior cannot be investigated. After Zn vapor treatment, the Zn 1−x Mn x O bulks display semiconductor behavior as shown in Fig.4 . The resistance behavior is very complex, and it is impossible to fit the experimental data with a single conduction mechanism in the entire temperature range. Three conduction mechanisms were employed to describe the electrical transport behavior. As shown in Fig.4(b) , the different Mn content samples exhibit the same resistance behavior. All the samples' resistance behavior was analyzed by the same process, and the sample Zn 0.96 Mn 0.04 O was chosen as the representative to describe the fitted result as shown in Fig.4(a) .
At low temperature, the resistivity increases extremely rapidly as temperature decreases. The temperature dependence of resistivity can be well fitted by the modified Mott's variable-range hopping (VRH) model [18] -the variable-range hopping (VRH)
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where
, and β is a numerical factor of the order of unity, G is a joint density of (polaronic) states (DOS), a is the localization radius of the electron wave function. In this modified Mott's model, the well-known Mott's exponent 1/4 should be substituted with some larger exponent 2/5 for the bulk materials.
The agreement between the experimental data and the calculation is excellent as seen in Fig.4(a) . This result demonstrates that the variable-range hopping of the BMPs dominates the electrical transport behavior when the temperature is below 50 K. When 90 K < T < 170 K, the resistance behavior will obey nearest-neighbor hopping (NNH) of the magnetic polaron model, [20, 21] 
where ε 2 is the activation energy and k is the Boltzmann constant. The excellent agreement between the experimental data and the fitting results indicates that nearest-neighbor hopping (NNH) of BMPs dominates the electrical conduction when the temperature is below 170 K. When T > 170 K, the conduction mechanism becomes complicated, the resistivity data cannot be fitted by only one model. It needs an additional conduction term to best fit the data,
The first term comes from the contribution of hopping of magnetic polarons. The second term shows the T −1 law, which would be characteristic of activation to a mobility edge in the semiconductors. [21, 22] The fitted result parameters for the resistance behavior are displayed in Table 2 . From the table, we can see that all the samples' activation energy ε is very close to the ionization energy 0.05 (eV) of the Zn i shallow donor. [23] This phenomenon proves that the carriers, which play a key role in the electrical transport behaviors, of our samples come from the Zn i shallow donor. At the same time, the carriers trapped by any kind of attractive potential of a defect can form a 'cloud' of aligned spins of the surrounding magnetic atoms. The creation of such a complex was referred as BMPs. [19, 24, 25] From the electrical transport fitted result, it is clear that formation and transport of the BMPs are the key point to understanding the electrical transport behavior for the TM doped ZnO bulks. At high temperature, the electrical conduction is the combined result of nearest-neighbor hopping (NNH) of the BMPs and by activation above the mobility edge [22] which obeys the T −1 law. When T < 170 K, the nearestneighbor hopping of BMPs [19, 24, 25] among the impurity sites dominates the electrical conduction. When the temperature decreased below 50 K, the thermal energy is not great enough for the BMPs to hop to their nearest neighbor. In this case, it will be more favorable for the carriers (BMPs) to hop farther to find a smaller potential difference. In this case, carrier hopping is always of variable-range type. [18, 19] Figure 5 shows the magnetic field dependence of the MR effect for different Mn concentrations at different temperatures. All the samples show positive MR effect and MR peaks at low temperature. At 5 K, the maximum MR value increases with the increase of Mn concentration within the solubility limit of Mn
2+
in ZnO (about 5 at %) as seen in Fig.6 . When temperature is above 50 K, the MR effect becomes weak rapidly. The large positive MR effect at low temperature is believed to come from the s-d exchange interaction induced spin-splitting. [25−28] The conduction band of the magnetic semiconductor will be split into two spin subbands under a magnetic field. In TM ion doped ZnO, the s-d exchange interaction induced spin-splitting will lead to a redistribution of the conduction carriers between the two subbands, which results in an increasing of the Thomas-Fermi screening radius. The increasing of Thomas-Fermi screening radius will lead to an increase in potential fluctuations and result in a higher degree of electron localization. The electron localization results in the increasing of the resistance. In this way, the samples show positive MR effect. At the same time, the positive MR effect increases with the increasing TM doping, indicating that the s-d exchange interaction will be enhanced with the increase of Mn concentration as shown in Fig.6 .
On the other hand, the formation of BMPs is evident in the Mn doped ZnO bulks from the conduction mechanism analysis above. It is well known that the magnetic polarons in a pure magnetic polaron system grow in size and lead to the carriers' delocalization when a magnetic field is applied. [29] With the increase of the applied field, BMPs will be delocalized from the self-trapped state, which will induce an abrupt decrease of resistance. So the formation of the BMPs and the delocalization of BMPs will contribute to the negative MR effect. Meanwhile, the conductance increases if the spin-disorder scattering decreases due to enhanced alignment of spins of both magnetic ions and carriers. [28] Therefore, the suppression of spin-disorder scattering in a magnetic field might be another possible origin for the negative MR contribution in ZnO based DMSs. At low magnetic field, the redistribution of the conducting carriers between the two subbands is sufficiently large to induce positive MR. [25−28] At high magnetic field, the conduction electrons' redistribution will become weaker when most of the conduction electrons are in the low-energy subband, and then the resistance turns to decrease with the increase of magnetic field due to the delocalization of BMPs and field suppressed spin-disorder scattering. In this way, a peak can be observed in the MR curve as shown in Fig.5 .
As reported in our previous study on TM doped ZnO bulks, [13, 30] the formation of BMPs is a universal phenomenon for ZnO based DMSs when the sample is in the localization range. The conduction mechanism and MR behavior of ferromagnetic Zn 1−x Co x O and paramagnetic Zn 1−x Mn x O bulks are very similar. This phenomenon reveals that BMPs alone are not enough to explain the magnetic property of TM doped ZnO DMSs. The impurity-band model [31] suggests that the TM doped ZnO samples exhibit ferromagnetism when a large density of 3d states is pinned in the donor impurity band at the Fermi level. [31] No. 6
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In our previous paper, we further indicated that ferromagnetic TM doped ZnO DMSs should obey the Stoner criterion. [13] According to the Stoner criterion, the density of states near the Fermi level, N (E F ), should be large enough to satisfy N (E F )I > 1 (I stands for the Stoner parameter) for any ferromagnet. The Zn vapor treatment process will induce interstitial Zn, which is the donor impurity, into Zn 1−x Co x O bulk samples, and then further increase N (E F ) near the Fermi level. As for Zn 1−x Mn x O bulk samples, it should have the same effect for Zn i doping. However, the impurity band of Mn 2+ is deeper than that of Co 2+ . [32] This difference means that N (E F ) near the Fermi level is finally not large enough to satisfy the Stoner criterion and then results in PM nature for Zn 1−x Mn x O bulk samples.
Summary
In summary, Zn 1−x Mn x O bulks were prepared by the solid state reaction method. The as-prepared samples were then subjected to the Zn treatment. XRD patterns show that the samples are single phase of wurtzite structure when the Mn concentration is below 5%. Unlike Zn treated Co doped ZnO bulks, the Zn vapor treatment cannot enable the Mn doped ZnO bulks to have ferromagnetism down to 5 K. But the samples change from completely insulating to semiconductor. The temperature dependence of resistance and the field dependence of magnetoresistance demonstrate that the BMPs play an important role in the electrical transport behavior. The hopping of BMPs dominates the electrical transport behavior when temperature is below 170 K. Large positive MR which increases with the increase of doping concentration has been observed, which indicates that the spin-splitting is enhanced by the substitution 3d ions. The positive MR effect is ascribed to the s-d exchange interaction induced spin-splitting, and the negative effect results from delocalization of BMPs and the magnetic field suppressed spin-disorder scattering.
